1.. Introduction
================

In the present paper it is described the application of visible micro-Raman spectroscopy to the characterization of liquid samples of clarified apple and apricot juices at different production stages during the tests in a pilot plant of an integrated membrane process recently proposed by S. Alvarez et al \[[@b1-sensors-07-02049]\]. Micro-Raman spectroscopy was performed without any preliminary treatment of juice samples and by using a visible laser source. In this way we exploited the possibility of using Raman spectroscopy for on-line monitoring the production of clarified fruit juices, with appealing perspectives for a real-time control of the process and of the juice quality as concern, for instance, the pectin, fructose or β-carotene content. As a consequence of significant improvements of micro-Raman spectroscopy technology, an increasing attention has been given to the applications of Raman spectroscopy to heterogeneous systems such as those used in the food industry \[[@b2-sensors-07-02049],[@b3-sensors-07-02049]\]. Raman spectroscopy has been successfully employed in the characterization of starch and pectin in potato \[[@b3-sensors-07-02049]\], bitter almonds \[[@b4-sensors-07-02049]\] and for edible oil authentication \[[@b5-sensors-07-02049]\]. In particular, powdered pectin has been extensively investigated by means of FT-IR and FT-Raman spectroscopy \[[@b6-sensors-07-02049]\]. FT-Raman spectroscopy allows a clear distinction to be made between different kinds of sugars \[[@b7-sensors-07-02049]\] and therefore has been used to differentiate honey from various regions \[[@b8-sensors-07-02049]\]. Almost all these studies have been carried out with FT-Raman spectroscopy by using near infrared excitation sources to avoid the fluorescence emission, typical of many biological samples. However, the possibility of heating the samples with these laser sources should be considered despite the brevity of data acquisition time and the laser exposure times nowadays currently used. It should also be noted that powdered samples were considered in all cases, even though Raman spectroscopy was already adopted to quantify different analytes in solution \[[@b9-sensors-07-02049]\]. It can be worthwhile to remember that water, present in high concentrations in fruits and in many food products, constitutes a severe limit for FT-IR owing to its high IR light absorption coefficient, while it has a weak Raman signal and usually does not interfere with the spectra of other components.

All these considerations motivated us to develop a friendly-to-use experimental procedure that by using micro-Raman spectroscopy allowed us to monitor the pectin, fructose and β--carotene contents in clarified fruit juice production. It is also important to remember that biochemical assays generally used to quantify the above-mentioned substances are time consuming and require the use of different chemical reagents for each component, so the results reported here suggest that the role of Raman spectroscopy can be of valuable interest also for off-line quantitative monitoring.

2.. Materials and Methods
=========================

2.1. Materials
--------------

The composition of a fruit juice depends on the variety, origin and growing conditions of the fruit, its quality and the processing and storage procedures. Excluding water, the major components of fruit juices are carbohydrates, acids, nitrogen compounds, polyphenols, minerals and vitamins. As an example, [Table 1](#t1-sensors-07-02049){ref-type="table"} shows the approximate composition of raw apple juice obtained after pressing apples \[[@b10-sensors-07-02049]\]. Recently clear and filtered juices have become more popular with respect to hazy, unfiltered and unclarified juices, traditionally produced. If a cloudy product is required, the juice is pasteurised immediately after pressing in order to denature any residual enzymes. Centrifugation then removes large pieces of debris, leaving most of the particles in suspension. To obtain a clear juice these suspended particles need to be removed. They could simply be filtered out, but unfortunately some soluble pectin remains in the juice, making it too viscous to filter quickly. Enzymatic treatment with pectinase is the adopted method for removing unwanted pectin. Pectinase is a balanced mix of pectolytic enzymes designed to provide controlled maceration and depectinization of fruit. It contains high levels of pectin lyase (PL), which depolymerizes pectin chains, and polygalacturonase (PG), which randomly cuts the polygalacturonic acid backbone of the insoluble pectin.

The low levels of pectin methylesterase (PME) ensures that only minimal levels of methanol are produced by the demethylation of pectin. Four different types of samples, identified as A, B, C and D, were examined in this investigation. As reported in the introduction these samples were produced at different stages during the tests in a pilot plant of an integrated membrane process. Samples of type A were made of apple juice extracted from washed and crushed fruit, after pre-press treatment with a small percentage of (Macer8™ FJ, Biocatalysts, Cardiff, UK) pectinase which was added to allow the juice to flow more easily. This treatment has an insignificant effect on the amount of pectin present in the juice. Samples of type B were obtained from apple juice taken from the production line after depectinisation done using immobilized pectinase. Samples of type C were taken from apricot juice treated in the same way as sample of type A. Samples of type D were powdered pectin (from Unipectine from Crestchen Ltd., Buckinghamshire, England) diluted in deionized water and were examined in order to obtain reference spectra.

2.2. Methods
------------

### 2.2.1. Raman spectroscopy measurements

Raman spectroscopy provides information about molecular structure and, by combining spectroscopy with microscopy, qualitative and quantitative information can be obtained in a non-invasive way. This method is a very effective tool in food analysis because it is non-destructive and usually requires no special preparation of the sample.

The process of Raman scattering can be viewed as an inelastic scattering process in which the scattered photon is shifted in frequency from the incident photon as it either loses energy to or gains energy from a particular vibrational mode of the molecule \[[@b11-sensors-07-02049]\]. Raman is a specific spectroscopic technique that measures the fundamental vibrations of functional groups that can be employed to determine the chemical structure and dynamics of molecules of interest. For more detailed description of the physics of Raman effect see ref. \[[@b12-sensors-07-02049]\].

Our samples were excited by a *He*-*Ne* laser operating at a wavelength λ = 633 nm, with a maximum nominal power of 17 mW. The laser light was focused on the sample surface by means of a 50× optical objective (Olympus MPLAN 50×/0.75) or a 20× long distance objective (Olympus MPLAN 20×/0.35) on an excitation area of about 20×20 μm^2^ or 50×50 μm^2^, respectively. The micro-Raman spectrometer was equipped with an optical confocal microscope (Olympus BX40) connected by a 50 μm optical fibre to a Jobin-Yvon TriAx 180 monochromator with liquid nitrogen-cooled CCD detector. Three gratings of 300, 600 and 1800 grooves/mm were selectable, allowing a maximum spectral wavenumber resolution of 4 cm^-1^. The highest resolution grating (1800 grooves/mm) was generally used, except when the acquisition of a large spectrum range was required. In this case the 600 grooves/mm grating was used. The spectra were obtained using accumulation times ranging from 60 to 300 s by means of a double acquisition process which permits the rejection of spurious peaks due to direct CCD excitations. Small amounts of samples A, B, C and D were examined using the above-described micro-Raman spectrometer equipment. A drop of the liquid sample of a few milliliters was placed on a microscope glass slide with a single well (1 cm large and 0.1 cm depth) suitable for investigating liquid specimens. A cover glass (170 μm thick) was placed on the top of the concavity to avoid contamination of the optical objective. For each kind of sample experimental analysis was performed more times and on different drops of the same juice in order to test the representivity and reproducibilty of the measure. Since our measurements were carried out on liquid samples, they were affected by scattering and optical aberration effects due to the water and other scattering elements, which reduce the quality of recorded spectra. Therefore, it was difficult to extract quantitative information from the spectral data \[[@b13-sensors-07-02049]\]. Nevertheless, using high optical aperture objectives (as in the case of the objective 50×) and appropriately setting the laser focus, a reproducible Raman response was obtained. Even if the total collected signal was decreased when confocality microscopy was used, this technique improved the readibility of micro-Raman signal, limiting the reflected light component out-of-focus and, consequently, reducing the signal noise in the spectra. In our measurements the confocality pinhole was fixed to values in the range of 200 μm - 500 μm, depending on the experimental light reflection conditions.

### 2.2.2. Biochemical assays

#### 2.2.2.1. Pectin content

Following the procedure given by Bernfeld \[[@b14-sensors-07-02049]\] pectin was assayed by spectrophotometrically measuring at 530 nm the reducing groups. The maximum value of pectin content in the initial stage of production was found to be 5% (w/w). This value was found to decrease during the subsequent production steps. For daily and qualitatively control we used the most easily to use "acidified alcohol test" \[[@b15-sensors-07-02049]\]. It is very common in fruit juice industry and exploits the formation of a viscous gel when pectin reacts with ethanol acidified with chlorhydric acid.

#### 2.2.2.2. Fructose content

For fructose we referred to Youn et al \[[@b16-sensors-07-02049]\] who assessed a content varying from 6.36 to 7.15 % for clarified apple juice samples at different stages of membrane filtration processes.

#### 2.2.2.3. β--Carotene content

Usually the determination of β--carotene content is performed following the method of Stahl et al \[[@b17-sensors-07-02049]\]. For apricot fruit juice a β--carotene content around 33.8 μg/g is found from literature \[[@b18-sensors-07-02049]\].

### 2.2.3.. Data analysis

The spectra were analyzed using the application routines given by the same software package ("SpectraMax™ Software" user guide, Joben-Yvon Inc. USA) controlling the whole data acquisition system. In doing so, extremely rapid and versatile on-line data processing is required. In particular, the above-mentioned software enabled us both to remove fluorescence by correcting the baseline, using different polynomial models, and to analyse the complex spectra in terms of convoluted Lorentzian-shaped vibrational modes. Peaks, constituting the spectrum, were manually selected in order to define the starting conditions for a best-fit procedure. The best-fit program can then be repeated to determine convolution peaks with optimised intensity, position and width. The performance was evaluated by means of the χ^2^ parameter defined as usual by the following formula: $$\chi^{2} = \frac{\underset{i = 0}{\overset{n}{\sum}}\left( \frac{\textit{Actua}l_{i} - \textit{Calculate}d_{i}}{\textit{RMSNoise}} \right)^{2}}{\left( n - f \right)}$$

The *Actual* and *Calculated* values refer to the measured and calculated data, respectively. The *RMSNoise* is the estimated Root Mean Square noise in the *Actual* data over the fitted region. The variable n refers to the number of data points in the fitted region while *f* refers to the total number of variables from the peak and baseline functions. Thus, *n*-*f* is the number of degrees of freedom. The Levenberg-Marquardt algorithm iteratively adjusts every variable for each peak in an attempt to minimize the χ^2^ parameter. This kind of algorithm is extremely useful for determining the exact peak positions, widths, heights and areas of a set of overlapping peaks.

3.. Results and Discussion
==========================

[Figure 1](#f1-sensors-07-02049){ref-type="fig"} shows the micro-Raman spectrum of a sample of type A, i.e. apple juice before depectinisation. The spectrum was measured on a broad wavenumber shift range (from 200 to 3200 cm ^-1^). As no significant Raman signals were found in the region between 2000 cm^-1^ and 2500 cm^-1^, only the two regions (200- 2000 cm^-1^) and (2500-3200 cm^-1^) are reported. The qualitative features of this spectrum are representative of all the spectra obtained for the samples currently being investigated. They show a featureless background beneath specific narrow bands, suggesting the presence of fluorescence signals and scattering effects, which are typical when liquid fruit juice samples are examined, despite the care adopted during the measurements. The signal-to-noise-ratio of [Figure1](#f1-sensors-07-02049){ref-type="fig"} is considerably lower than that typically featured by spectra acquired from solid samples by means of the same apparatus \[[@b19-sensors-07-02049]\]. It is worth emphasizing that the spectrum shown in [Figure1](#f1-sensors-07-02049){ref-type="fig"} was obtained from untreated liquid samples and by using a visible light in micro-Raman apparatus, which are two key requirements to make Raman spectroscopy suitable for large industrial applications.

However, in spite of the low signal level, a considerable amount of information can be extracted from liquid sample-related Raman spectra. Indeed, a preliminary examination of this figure evidences some structures around 626, 825, 1265, 1622, 2750 and 2931 cm^-1^. The bands at 626 and 1265 cm^-1^ can be assigned to fructose and the one at 825 cm^-1^ to the furanose isomer of fructose \[[@b20-sensors-07-02049]\]. The structures at 1622 cm^-1^ and around 2700-2900 cm^-1^ can be assigned to in-plane bending of amide II and to the stretching of the C-H aliphatic group of pectin \[[@b21-sensors-07-02049]\]. The previously described data analysis procedure was applied to a portion of the above-mentioned spectrum that is shown in the upper part of [Figure 2](#f2-sensors-07-02049){ref-type="fig"} ([Figure2*a*](#f1-sensors-07-02049){ref-type="fig"}) for the 700-1200 cm^-1^ range. In the same part of the figure, the result of the curve fitting procedure is shown as a continuous thick line. In the middle part of the figure ([Figure 2*b*](#f2-sensors-07-02049){ref-type="fig"}), the peaks used are reported and information about their exact positions, widths, heights and areas is provided by the program. In the lower part of the figure ([Figure 2*c*](#f2-sensors-07-02049){ref-type="fig"}), the residual error, i.e. the uncorrelated signal resulting from the substraction of fit curve from the acquired Raman signal, is shown. It remains very close to zero throughout the examined spectral region (see the scale on the left) making us confident that the number and characteristics of peaks are almost sufficient in this preliminary analysis of the data. It is worthwhile to note that in the examined range the analysis has allowed us to single out the presence of other structures in addition to the one at 825 cm^-1^ that been already assigned to the furanose isomer of fructose. The peaks coming out from deconvolution are located at 780, 845, 872, 918, 975, 1031, 1061, 1083 cm^-1^. The tentative assignment of these peaks is reported in [Table 2](#t2-sensors-07-02049){ref-type="table"}. From this table it is possible to affirm that Raman spectra allows us to detect the presence of few percents of pectin and fructose according to the results of biochemical assays previously reported.

[Figure 3](#f3-sensors-07-02049){ref-type="fig"} shows the results of the above-described data procedure for the spectra of samples of type A (panel *a*), type B (panel *b*), and fructose \[[@b22-sensors-07-02049]\] (panel *c*) in the wavenumber shift range 300-750 cm^-1^. In the panel *a* the deconvolution of the experimental spectrum (upper curve) can be used to evaluate the contribution of seven peaks which are centered at 421, 464, 523, 537, 591,624 and 683 cm^-1^, respectively. In the central panel (*b*), related to depectinised fruit juice, five peaks, centered at 421, 464, 523, 591, 624 cm^-1^, are evident. As it is clear from the panel *c*, these peaks can be ascribed to fructose. More precisely, the peak at 464 cm^-1^ may be due to the furanose isomer and the peaks at 421 and 523 cm^-1^ can be related to the pyranose \[[@b20-sensors-07-02049]\]. Conversely, the two peaks at 537 and 683 cm^-1^ due to pectin (following [@b21-sensors-07-02049]) are no longer present. Obviously, in this case and in all the other cases reported here, we checked that the values of the residual errors always were very close to zero. Also in this case the absence of pectin was qualitatively confirmed by the acidified alcohol test.

A similar example of the potentiality of Raman measurements is shown in [Figure 4](#f4-sensors-07-02049){ref-type="fig"}. This figure illustrates the results obtained using the same procedure for the wavenumber range 750 -- 1000 cm^-1^ when applied to samples of A and B kind. In the panel (i) (apple juice prior to depectinisation) the peaks at 780, 825, 845, 872, 918 and 975 cm ^−1^ already evidenced in [Figure1](#f1-sensors-07-02049){ref-type="fig"} are present (for the assignment see [Table 2](#t2-sensors-07-02049){ref-type="table"}). In the inset (ii) (apple juice after depectinisation) the same peaks are exhibited with the exception of the peak at 845 cm^-1^. This peak is typical of pectin \[[@b3-sensors-07-02049], [@b21-sensors-07-02049]\] and is clearly observable in the panel (iii) where the deconvolution of the spectrum directly acquired from pectin is shown. This peak is highly reproducible and can be ascribed to the C-O-C antisymmetric stretching of the glycoside linkage. In the panel (ii) there is no evidence of this peak. The lack of an 845 cm^-1^ peak in the panel (ii) confirms the success of the depectinisation procedure and is also proved by the acidified alcohol test. The other peaks found in the sample A and B spectra can mainly be ascribed to the fructose contribution as is evident from panel (iv) which shows the deconvolution of the pure fructose spectrum \[[@b20-sensors-07-02049]\]. In the panel (iv) we observe peaks at 820, 872, 918 and 975 cm^-1^ which are also clearly present in the panels (i) and (ii). In particular, the peaks at 820 and 975 cm^-1^ can be ascribed to pyranose isomer, while the structures at 872 and 918 cm ^−1^ can be assigned to furanose isomer \[[@b20-sensors-07-02049]\].

In the upper part of [Figure 5](#f5-sensors-07-02049){ref-type="fig"}, the typical spectrum of apricot juice samples before depectinisation is reported for the wavenumber range from 800 to 1600 nm. Looking at this spectrum, the main structures are highlighted and when the deconvolution procedure is applied we singled out the contribution made by pectin, fructose and β--carotene as shown in the curves in the lower part of the figure.

In [Table 3](#t3-sensors-07-02049){ref-type="table"} the assignments of these peaks taken from literature \[[@b20-sensors-07-02049]-[@b24-sensors-07-02049]\] are tentatively reported. From the table it can be concluded that only in the case of the structure around 820 cm^-1^ there is a contribution from pectin and fructose, while in all other cases the assignments would seem to be unambiguous. Also for β - carotene it is possible to say that the micro-Raman spectroscopy is able to detect the presence of carotene, that was confirmed by biochemical assays \[[@b18-sensors-07-02049]\].

4.. Conclusions
===============

All the results reported here demonstrate that visible light micro-Raman spectroscopy can be successfully adopted in order to investigate the composition of fruit juice liquid samples. Generally to obtain useful Raman spectra from liquid heterogeneous samples is often difficult and many samples are therefore dried before being measured. Furthermore, it is necessary to employ infrared laser sources in order to reduce fluorescence effects. In the present case, the use of confocal geometry enabled us to obtain informative Raman spectra by means of a less expensive visible light apparatus. In addition by using confocal geometry, extremely small volumes are sampled minimizing scattering and fluorescence effects. Moreover, useful information by using the application routines available from the software package controlling our data acquisition system can be obtained. Indeed, the contribution of three important fruit juice components was clearly revealed.

This would allow us to employ Raman spectroscopy for direct on-line monitoring of pectin, fructose and β-carotene content in liquid fruit juice samples at different production stages without pre--treatment. Micro-Raman spectroscopy therefore proves to be an alternative or complementary technique to the turbidity measurements usually adopted in the food industry (see, for example, web site <http://www.themcnab.com>) in beer production, water monitoring etc. Obviously, the possibility of extending the application of Raman techniques in on-line monitoring juice production processes significantly improves the effectiveness of the monitoring process. Indeed, besides detecting unwanted particles, as in the case of turbidity measurement, Raman spectroscopy provides information about their biochemical characteristics. The potential applications of Raman spectroscopy in the food industry could be increased if a quantitative determination of unwanted particles can be extracted by recorded spectra by developing multivariate analysis procedures \[[@b25-sensors-07-02049]\]. These procedures will be also interesting for off-line analysis since biochemical assays generally used to quantify pectin, fructose and β-carotene contents are generally time consuming and require the use of different chemical reagents.

![Raman spectrum measured on a fruit juice sample of type A (apple juice). The investigated wavenumber shift range varies between 200 and 3200 cm^-1^.](sensors-07-02049f1){#f1-sensors-07-02049}

![Deconvolution procedure on the spectrum reported in [Figure 1](#f1-sensors-07-02049){ref-type="fig"} in the wavenumber range 700-1200 cm^-1^. The continuous upper curve (*a*) represents the best fit using the components shown in the frame (*b*). The curve in (*c*) represents the residual errors for the fit (see the scale on the right).](sensors-07-02049f2){#f2-sensors-07-02049}

![Comparison of Raman spectra in the 300-750 cm^-1^ range of : (*a*) apple juice of type A (before depectisation), (*b*) apple juice of type B (after depectinisation) and (*c*) fructose ([@b22-sensors-07-02049]).](sensors-07-02049f3){#f3-sensors-07-02049}

![Comparison of Raman spectra of apple juice sample of types A (i) and B (ii) (before and after depectinisation) with those of pectin (sample D) (iii) and fructose (iv) in the 750 - 1000 cm^-1^ wavenumber shift range.](sensors-07-02049f4){#f4-sensors-07-02049}

![Results of deconvolution procedure on Raman spectrum of apricot juice (Sample C) before depectinization process and comparison with pectin, β-carotene and fructose spectra.](sensors-07-02049f5){#f5-sensors-07-02049}

###### 

Approximate composition of apple juice components. For each compound the correspondent concentration (g/l) contained in apple juice is reported.

  Compound                         Concentration (g/l)
  -------------------------------- ---------------------
  Water                            860-900
  Sugars                           100-120
  Fructose                         46-70
  Sucrose                          27
  Glucose                          20
  Malic acid                       3-7
  Pectin                           1-5
  Starch                           0.5-5
  Polyphenols                      1
  Proteins                         0.6
  Vitamins(mainly ascorbic acid)   0.05
  Ashes                            2

###### 

Tentative assignment of the main peaks in Raman spectrum of apple fruit juice in the range 700 -- 1200 cm^-1^

  Peak wavenumber (cm^-1^)   Pectin                                                                       Fructose                  Ref.
  -------------------------- ---------------------------------------------------------------------------- ------------------------- -------------------------------------------------
  825                                                                                                     furanose isomer           [@b20-sensors-07-02049]
  845                        C-O-C antisymmetric stretching of the glycoside linkage                                                [@b3-sensors-07-02049], [@b21-sensors-07-02049]
  872                                                                                                     furanose isomer           [@b20-sensors-07-02049]
  918                        In-plane bending of CH~2~                                                    furanose isomer           [@b20-sensors-07-02049]
  975                                                                                                     pyranose isomer           [@b20-sensors-07-02049]
  1031                       Nonlocalized, highly coupled vibrational modes of polysaccharide backbones                             [@b21-sensors-07-02049]
  1061                                                                                                    [@b21-sensors-07-02049]   
  1083                                                                                                    C-O stretching            [@b20-sensors-07-02049]

###### 

Tentative assignment of the main peaks in Raman spectrum of apricot fruit juice in the 800-1600 cm^-1^ range

  Peak wavenumber (cm^-1^)   Pectin                                                                       Fructose          β--carotene                Refs.
  -------------------------- ---------------------------------------------------------------------------- ----------------- -------------------------- -------------------------
  845                        C-O-C antisymmetric stretching of the glycoside linkage                      \-                \-                         [@b21-sensors-07-02049]
  918                        In-plane bending of CH~2~                                                    Furanose isomer   \-                         [@b20-sensors-07-02049]
  1004                       \-                                                                           \-                Methyl component rocking   [@b23-sensors-07-02049]
  1056                       Nonlocalized, highly coupled vibrational modes of polysaccharide backbones   \-                \-                         [@b21-sensors-07-02049]
  1132                       \-                                                                           Pyranose isomer   \-                         [@b20-sensors-07-02049]
  1153                       \-                                                                           \-                C-C stretching             [@b23-sensors-07-02049]
  1265                       \-                                                                           D- fructose       \-                         [@b20-sensors-07-02049]
  1361                       C-H bending                                                                  \-                \-                         [@b21-sensors-07-02049]
  1427                       COO^-^ symmetric stretching                                                  \-                \-                         [@b21-sensors-07-02049]
  1520                       \-                                                                           \-                C=C stretching             [@b23-sensors-07-02049]
  1552                       Amide II: N-H deformation Contribution from C-N stretching                   \-                \-                         [@b21-sensors-07-02049]
